Nuclear quadrupole resonance measurements were performed on the heavy fermion superconductor Ce2PdIn8. Above the Kondo coherence temperature T coh ≃ 30 K, the spin-lattice relaxation rate 1/T1 is temperature independent, whereas at lower temperatures, down to the onset of superconductivity at Tc = 0.64 K, it is nearly proportional to T 1/2 . Below Tc, 1/T1 shows no coherence peak and decreases as T 3 down to 75 mK. All these findings indicate that Ce2PdIn8 is close to the antiferromagnetic quantum critical point, and the superconducting state has an unconventional character with line nodes in the superconducting gap.
I. INTRODUCTION
The interplay between superconductivity and magnetism is one of the central issues in strongly correlated electron systems (SCES) [1] . An excellent playground for the systematic study of the mutual relationship between the two phenomena is a series of Ce-based heavy-fermion compounds with the formula Ce n M In 3n+2 (n = 1, 2, ∞, M = Co, Rh, Ir, Pd) [2] [3] [4] [5] [6] [7] [8] [9] [10] . In these intermetallics, the magnetic correlations arise from the Ruderman-Kittel-Kasuya-Yosida interaction and the Kondo interaction, which are both driven by the hybridization of localized 4f electrons and itinerant conduction electrons. Unconventional superconductivity has been discovered, e.g., in pressurized CeIn 3 [2] and CeRhIn 5 , [3] as well as in CeCoIn 5 under ambient pressure conditions. [4] In each case the superconductivity emerges near a magnetic instability at T = 0, i.e., the quantum critical point (QCP). Other Ce n M In 3n+2 phases are also good candidates for the investigation of mutual relationship among dimensionality, quantum criticality, and superconductivity, because their crystal structures can be viewed as a regular stacking of the three-dimensional (3D) CeIn 3 and quasi-two-dimensional (quasi-2D) CeM In 5 units (see Fig. 1 ).
Recently, the compound Ce 2 PdIn 8 was reported to exhibit normal-and superconducting (SC)-state properties very similar to those of CeCoIn 5 . [7, [11] [12] [13] [14] [15] [16] [17] This compound is a heavy-fermion superconductor with T c ≃ 0.7 K and the normal-state electronic specific heat coefficient of approximately 1.5 J/K 2 mol-fu. [7] . Above T c , the electrical transport shows distinct non-Fermiliquid (NFL) behavior, i.e., linear-in-T electrical resistivity, highly anomalous T -and H-dependent magnetoresis- * hideto@nmr.s.chiba-u.ac.jp tance, and Hall, Nernst, and Seebeck effects. [7, [11] [12] [13] [14] In parallel, the electronic specific heat ratio C/T shows a logarithmic temperature dependence. [7, 11, 12, 15] Moreover, it has been established that the hydrostatic pressure or magnetic field can tune T c towards T = 0, and clear evidence for the magnetic field-induced QCP near the upper critical field H c2 ≃ 2.3 T has been found. [16, 17] As for the superconductivity, it has been shown that the most probable candidate for the SC gap symmetry is the d-wave. [15, 17] Thermal conductivity measurements in applied magnetic fields have revealed the presence of residual density of states (DOS) at the Fermi level. [17] Furthermore, recent penetration depth measurements using a tunnel diode resonator have also indicated a nodal-line structure within the SC energy gap. [18] Both T c and H c2 are considerably lower than those derived for CeCoIn 5 , [3, 8] vealed by bulk property measurements. To the best of our knowledge, no microscopic or site-selective studies have been performed so far, which would contribute to a better characterization of the magnetic properties in the normal state and the unconventional SC behavior at the lowest temperatures. In this paper, we report on our 115 In nuclear quadrupole resonance (NQR) measurements of Ce 2 PdIn 8 . The NQR data corroborate the aforepostulated quantum critical and nodal SC features in this compound.
II. EXPERIMENTS
A polycrystalline sample of Ce 2 PdIn 8 was synthesized by the arc melting method, as described in Ref. [12] . The quality of the product was checked by x-ray powder diffraction and energy-dispersive x-ray analysis, as well as by measurements of the bulk properties. The sample was found to be a single-phase with a fairly sharp SC transition at T c ≃ 0.65 K. [7] For NQR measurements the ingot was powdered in order to reduce the heating-up effect at low temperatures and improve the signal intensity. The 115 In NQR studies were performed in the frequency range of 7−60 MHz using a phase-coherent pulsed NQR spectrometer. Measurements were carried out above 1.5 K using a 4 He cryostat and below 1.5 K with a 3 He-4 He dilution refrigerator. The spin-lattice relaxation time T 1 was obtained from the recovery of the nuclear magnetization after a saturation pulse. T c was estimated to be 0.64 K through ac susceptibility by measuring the temperature dependence of the characteristic frequency of the NQR sample coil f coil (see the inset in Fig. 3 ). Figure 2 shows the NQR spectrum of Ce 2 PdIn 8 taken at 4.2 K. As can be inferred from Fig. 1 , there are three inequivalent crystallographic positions for indium atoms in the unit cell of Ce 2 PdIn 8 : the most symmetric site, In(1) (4mm); the less symmetric site, In(2) (mmm.); and the least symmetric site, In(3) (2mm.). For the In nuclei (I = 9/2), the electric quadrupole Hamiltonian H Q is given by
III. RESULTS AND DISCUSSION
where eq, eQ and η represent the electric field gradient (EFG), the nuclear quadrupole moment, and the asymmetry parameter of the EFG, respectively. By diagonalizing H Q and considering the three inequivalent In sites, one can assign all the observed features in the NQR spectrum. For each In site, four resonance lines occur with increasing frequency: 1ν Q , 2ν Q , 3ν Q and 4ν Q . The 1ν Q line corresponds to the transition between |I z = ±1/2 and |I z = ±3/2 , the 2ν Q line is due to the transition between |I z = ±3/2 and |I z = ±5/2 , etc. Note that 1ν Q differs from the resonance frequency ν 0 ≡ nuclei in Ce 2 PdIn 8 . [19] This finding confirms the quality of the specimen, which was free of any clear parasitic phases that were found in Ce 2 CoIn 8 and Ce 2 RhIn 8 . [10] The line-width is about 1.8 times wider than the corresponding line-widths of single-crystalline CeCoIn 5 [8] and Ce 2 CoIn 8 [10] . This line broadening may signal some structural disorder in the sample studied and/or may arise due to averaging EFG in the powder sample. With decreasing temperature, the resonance frequency increases and then becomes nearly constant below approximately 10 K. The width of particular lines does not change with decreasing temperature, since the compound remains paramagnetic down to the lowest temperature investigated.
The spin-lattice relaxation time T 1 was derived over the range of 0.075−150 K at the frequency of the spectral center at each In site. The nuclear magnetization recovery curves were analyzed in terms of the quadruple exponential function appropriate for the nuclear spin I = 9/2 of the 115 In nuclei [20] . For example, for the 4ν Q line with η = 0 the following formula was applied,
where m(t) and m 0 denote the nuclear magnetization after a time t from the NMR saturation pulse and the thermal equilibrium magnetization, respectively. For In sites with a finite η, the modification of the recovery curve was adopted from Ref. [21] . The above theoretical for- mula accounts for magnetic relaxation only, and the recovery curve becomes more complicated if quadrupolar relaxation is involved. [20] As is apparent from Fig. 3 , all the experimental data, even those taken at the lowest temperatures, can be well approximated by this function using a single-component T 1 . This means that indeed the magnetic relaxation is a primary contribution to the behavior of the compound studied. The so-obtained temperature dependencies of the spinlattice relaxation rate 1/T 1 in Ce 2 PdIn 8 are displayed in Fig. 4 . For the In(1) site, 1/T 1 was evaluated from the 2ν Q and 4ν Q lines, and the results were found to perfectly overlap at 1.5 K, thus proving the reliability of the determination of 1/T 1 . As shown in Fig. 4 , the relaxation rate 1/T 1 is largest at In (2) , and smallest at In(3). This tendency is the same as that of isostructural Ce 2 CoIn 8 and Ce 2 RhIn 8 . [10] From the bulk property data, Ce 2 PdIn 8 has been characterized as a Kondo lattice with the characteristic temperature (T coh ≃ 30 K) that signals the crossover from the high-temperature incoherent to low-temperature coherent Kondo state [7, 11, 12] . In line with that scenario, the relaxation rate 1/T 1 is nearly temperature independent above T coh , as expected for fairly well localized 4f electrons of trivalent Ce ions. Below T coh and down to 0.7 K (≃ T c ), 1/T 1 varies approximately as T 1/2 . This temperature dependence is distinctly different from the Korringa relation T 1 T = const, appropriate for Fermi liquids. In turn, it is quantitatively similar to that of CeIrIn 5 , which exhibits well-established NFL behavior in the normal state. [8, 9] Thus, the 1/T 1 data on Ce 2 PdIn 8 are fully consistent with the NFL features observed in the bulk properties of the compound. [7, [11] [12] [13] [14] [15] [16] [17] At the onset of the SC state, 1/T 1 decreases rapidly, without the Hebel-Slichter coherence peak, and then varies nearly proportionally to T 3 down to the lowest temperatures studied. This behavior is quite similar to that found for CeCoIn 5 (see the inset in Fig. 4 ) and CeIrIn 5 , [8, 9] and it hints at a nodal character of the SC energy gap. It is worth noting that down to the lowest measurement temperature of 75 mK (≈ T c /9), no saturation in 1/T 1 (T ) is seen, which would be caused by some admixture of paramagnetic impurities.
The T 3 dependence of 1/T 1 in the SC state, in conjunction with the absence of the Hebel-Slichter peak below T c , indicates that the SC gap in Ce 2 PdIn 8 has a nodal character. In general, the nuclear spin-lattice relaxation rate in the SC state can be expressed as
where N S (E, ∆(T )) is the DOS, M S (E, ∆(T )) is the anomalous DOS arising from the coherence effect of the Cooper pairs, and f (E) stands for the Fermi distribution function. The energy gap ∆(T ) in this equation can be anisotropic, and thus more precisely it should be written as ∆(T, θ, ϕ). Assuming that the SC gap has a simple horizontal line node in q-space, i.e., ∆(T, θ, ϕ) = ∆(T ) cos θ, and taking into account that the integral of M S (E, ∆(T )) effectively vanishes due to the alternating sign change in ∆(T, θ, ϕ), one can properly reproduce the experimental 1/T 1 (T ) data on Ce 2 PdIn 8 in the entire SC range studied (see the inset in Fig. 4) . On the contrary, no satisfactory description of 1/T 1 (T ) could be obtained with an isotropic SC gap, even if the anomalous DOS term is omitted. The calculations yielded 2∆(0)/k B T c = 5.6, which is very close to the 2∆(0)/k B T c = 6.4 derived for CeCoIn 5 by means of the analogous analysis of the NQR data. [8] The similarity in the SC gap amplitudes in the two compounds provides more support for the hypothesis on the d-wave symmetry of the SC order parameter in Ce 2 PdIn 8 , formulated before on the basis of the bulk property data. [15, 17] However, in order to reach a definitive conclusion on this issue, further experimental efforts are necessary, among them NMR Knight shift measurements performed on single-crystalline samples.
IV. SUMMARY
An NQR study on the heavy-fermion superconductor Ce 2 PdIn 8 has revealed distinct NFL behavior of the nuclear spin-lattice relaxation above the SC critical temperature T c = 0.64 K. The temperature dependence 1/T 1 ∝ T 1/2 , observed up to T coh ∼ 30 K, indicates that the compound is located close to the antiferromagnetic QCP instability. In the SC state, 1/T 1 shows no coherence peak and it is proportional to T 3 at least down to 75 mK. These features manifest unconventional superconductivity with line nodes in the SC gap, probably of a character similar to that in CeCoIn 5 . Further NMR/NQR studies in applied magnetic fields and/or under high pressure, performed on single crystals, would be highly beneficial for microscopic characterization of the properties of Ce 2 PdIn 8 near the field-or pressure-induced QCP.
